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We propose a novel experimental approach to explore exotic spin-dependent interactions using
a spin-exchange relaxation-free (SERF) magnetometer, the most sensitive non-cryogenic magnetic-
field sensor. This approach studies the interactions between optically polarized electron spins located
inside a vapor cell of the SERF magnetometer and unpolarized or polarized particles of external
solid-state objects. The coupling of spin-dependent interactions to the polarized electron spins of the
magnetometer induces the tilt of the electron spins, which can be detected with high sensitivity by
a probe laser beam similarly as an external magnetic field. We estimate that by moving unpolarized
or polarized objects next to the SERF Rb vapor cell, the experimental limit to the spin-dependent
interactions can be significantly improved over existing experiments, and new limits on the coupling
strengths can be set in the interaction range below 10−2 m.
Recently, exotic spin-dependent interactions, predicted
by string theories and many theoretical extensions of the
Standard Model of particle physics [1–3], have attracted
much attention in the community of physicists. Such
theories are associated with the spontaneous breaking of
continuous symmetries, leading to massless or very light
Nambu-Goldston bosons [4–6], such as the axion [7], and
axion-like-particles (ALPs) [2, 8], which are candidates
for cold dark matter [9, 10]. These exotic particles are
bosons and can weakly couple with ordinary particles,
such as leptons or baryons. Moody and Wilczek [11] first
proposed three possible types of interactions between po-
larized and unpolarized particles, which were later ex-
panded by Dobrescu and Mocioiu [12] with the inclusion
of the terms dependent on the relative velocity between
the two interacting particles. A general classification of
the interactions between particles contains sixteen types
of structure of operators: fifteen of them depend on the
spin of at least one of the particles and seven depend
on the relative velocity of the particles. In this paper,
we show a new experimental method to explore all the
fifteen exotic spin-dependent interactions.
The possible exotic spin-dependent interactions be-
tween polarized and unpolarized particles are (in SI units,
V2 V3 V4+5 V6+7 V8 V9+10 V11 V12+13 V14 V15 V16
P 0 0 0 0 0 1 1 1 1 1 1
T 0 0 0 1 0 1 0 0 1 1 0
TABLE I. The parity (P )- and time-reversal (T )-violating
interactions. 1 (0) refers to the violation (no violation) of the
symmetries.
∗ Email address: pchu@lanl.gov
† Email address: youngjin@lanl.gov
adopting the numbering scheme in [12] and [14]):
V4+5 = −f4+5 ~
2
8pimpc
[σˆi · (~v × rˆ)]
(
1
λr
+
1
r2
)
e−r/λ,(1)
V9+10 = f9+10
~2
8pimp
(σˆi · rˆ)
(
1
λr
+
1
r2
)
e−r/λ, (2)
V12+13 = f12+13
~
8pi
(σˆi · ~v)
(
1
r
)
e−r/λ, (3)
where mp is the mass of the polarized particles, σˆi is
the spin vector of the ith polarized particle while ~σi =
~σˆi/2, ~ is Planck’s constant, rˆ = ~r/r is a unit vector
in the direction between the polarized and unpolarized
particles, ~v is their relative velocity, c is the speed of
light in vacuum, and λ is the interaction range.
There are nine interactions between two polarized par-
ticles, three of which are not dependent of the relative
velocity of the particles ~v,
V2 = f2
~c
4pi
(σˆ1 · σˆ2)
(
1
r
)
e−r/λ, (4)
V3 = f3
~3
4pim2pc
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(
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)
(5)
− (σˆ1 · rˆ)(σˆ2 · rˆ)( 1
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)]e−r/λ,
V11 = −f11 ~
2
4pimp
[(σˆ1 × σˆ2) · rˆ]
(
1
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+
1
r2
)
e−r/λ, (6)
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2case σˆ1 σˆ2 ~v interactions
1 zˆ 0 zˆ V9+10,V12+13
2 zˆ 0 xˆ V4+5
3 zˆ 0 φ V4+5
4 zˆ zˆ zˆ V2, V3,V6+7, V8
5 zˆ zˆ xˆ V15
6 zˆ zˆ φ V15
7 zˆ xˆ zˆ V11,V16
8 zˆ xˆ xˆ V16
9 zˆ yˆ xˆ V14
TABLE II. There are nine cases of the combination of σˆ1, σˆ2
and ~v for different interactions.
and the remaining six are:
V6+7 = −f6+7 ~
2
4pimpc
× [(σˆ1 · ~v)(σˆ2 · rˆ)]
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Here fi is the coupling strength for the interaction Vi
which can be induced from scalar, pseudoscalar, vec-
tor and axial coupling constants for the case of single
massive spin-0 and spin-1 [13] boson exchange (see Ta-
ble 1 in Ref. [14] for details on the coupling strength).
Some of these interactions are not invariant under parity-
inversion (P ) or time-reversal (T ) symmetries. As shown
in Table I, the interactions V11, V12+13, and V16 violate
P symmetry; the interaction V6+7 violates T symmetry;
the interactions V9+10, V14 and V15 violate both P and T
symmetries. The T and P -violating interactions could be
induced by the axion, which is related to the strong QCD
problem, or a generic light scalar boson. The detection
of spin-dependent interactions, therefore, will enable to
distinguish the axion from the scalar boson [15].
The static spin-dependent interactions have been care-
fully investigated for polarized electrons: experiments
with a torsion pendulum [16–21] and paramagnetic
salt [22–24] and for nucleons: measurements of preces-
sion frequency of atomic gases [25–29]; experiments with
an ion trap [30] and neutron bound states [31, 32]; spin-
relaxation measurements of polarized particles [33–36].
On the other hand, the experimental constraints on the
interactions dependent on both spins and the relative ve-
locity are very few. Only several experiments recently
reported progress: [37] (measurements in the geomag-
netic field), [38] (the spin-exchange interaction studies),
[39, 40] (experiments with the beam of polarized cold
neutrons), and [41] (spin relaxation studies). Further-
more, only a few new methods for polarized electrons
have been proposed: the experiments with rare earth iron
test masses [14] and paramagnetic insulators [42].
In order to probe the spin-dependent interactions for
polarized electrons, we propose experimental methods
based on a spin-exchange relaxation-free (SERF) mag-
netometer which contains 1015 alkali atoms in a vapor
cell as the source of almost 100 % optically polarized
electron spins. The SERF magnetometer, as a type of
alkali atomic magnetometer, operates in the regime of
low magnetic field and high alkali density where the
effect of spin-exchange collisions on spin relaxation is
negligible [43, 44]. Extremely high sensitivity below
1 fT/
√
Hz has been demonstrated [45, 46], which sur-
passed that of superconducting quantum interference de-
vices (SQUIDs) [45]. Thus, the SERF magnetometer in
addition to high number of polarized spins brings the ad-
vantage of very high sensitivity. Because particularly of
high sensitivity, the SERF magnetometer has been em-
ployed in the test of fundamental CPT symmetry [47]
and in ultra-sensitive bioimaging, such as magnetoen-
cephalography (MEG) [48]. Recently, the SERF mag-
netometer has been proposed to explore the axion dark
matter [49].
Our proposed experimental setup for the studies of
the spin-dependent interactions is shown in Fig. 1. It is
based on our SERF prototype magnetometer constructed
at Los Alamos National Laboratory that demonstrated
10 fT/
√
Hz sensitivity [50]. The SERF magnetometer
contains a large pancake Rb vapor cell of 6 cm diam-
eter and 2 cm height with about 1 mm wall thickness
filled with He buffer gas of 1 atm to reduce the diffusion
spin relaxation. In order to generate sufficiently large
Rb density, the cell is electrically heated to 150◦C. The
magnetometer is placed into a magnetic field shield made
of mu-metal and the residual fields inside the shield are
compensated with three orthogonal coils to insure the
SERF operation regime. In a SERF magnetometer, a
weak external magnetic field tilts the polarized electron
spins by a small angle that depends on the magnitude
of the field [50, 51]. The tilt is measured with a probe
laser beam by its effect on the light polarization. All
spin-dependent interactions have the form of ~σ · ~A, where
~A is the field vector between the SERF electron spin and
the interacting particle of the test mass as described by
Eq. 1-11. The ~σ · ~A interactions are similar to that of
an external magnetic field ~B with electron spin, in the
3form of ~σ · ~B, and they can similarly induce the tilt of the
polarized electron spins of the magnetometer. The Bloch
equation, e.g. Eq. 1 in Ref. [50], where the term of ~B is
replaced with ~A, can be used to describe the response of
the SERF magnetometer to the spin-dependent interac-
tions. This tilt will be measured with high sensitivity by
a probe beam similarly to an external magnetic field.
The circularly polarized pump beam and linearly po-
larized probe beam are almost parallel and sent to the
vapor cell along the zˆ axis; thus the Rb electron spins in
the vapor cell ~σ1 are pumped along the zˆ axis. Because of
this, the sensitivity of the magnetometer depends on the
tilt of the spins quadratically, and to increase the magne-
tometer response, an offset field is applied in the trans-
verse direction to the beams’ propagation direction. The
offset field can be modulated at some high frequency and
the lock-in detection can be implemented to reduce the
effects of laser technical noise arising from the laser fre-
quency and intensity fluctuations which limits the mag-
netometer sensitivity [50]. An unpolarized or polarized
cube test mass is positioned next to the cell. A mirror
(not shown in Fig. 1) between the cell and the test mass
returning the probe beam is used to minimize the stand-
off distance from the cell to the test mass. Any optical
setup for the probe beam detection would require some
space and might influence the measurements, while the
minimization of the distance between the cell and the test
mass is important for increasing sensitivity to the inter-
actions at the region of small interaction ranges. There
are three possible variations in the setup to search for
the spin-dependent interactions: (1) the test mass is ar-
ranged to move forward and backward along the zˆ axis,
(2) right and left along the xˆ axis with a velocity ~v; (3) to
revolve clockwise or counterclockwise around the zˆ with
a constant angular frequency. The direction of the spin
σˆ2 in the polarized test mass would be chosen along the
xˆ, yˆ or zˆ axes to probe different interactions.
For an unpolarized test mass, we assume to use a
nonmagnetic bismuth germanate insulator (Bi4Ge3O12,
or BGO) with the high nucleon density (7.13 g/cm3
= 4.3 × 1024 nucleons/cm3) which has been previously
used [29]. In this paper, we only theoretically calculated
the spin-dependent interactions between the polarized
electrons in the vapor cell and the unpolarized nucleons
in the BGO test mass. For a polarized mass, Dy6Fe23
and HoFe3 with the electron spin density 1.6 × 1022
spins/cm3 [22, 23] and layers of ferromagnet Alnico 5 and
SmCo5 with the electron spin density (3.66±0.08)×1022
spins/cm3 [18–21] were used. Here we consider a dyspro-
sium iron garnet (Dy3+3 Fe
3+
2 Fe
3+
3 O12, or DyIG) with the
spin density of 4×1020 spins/cm3 and zero magnetization
at the critical temperature Tc = 226 K, which has been
previously investigated [14]. Another choice is terbium
iron garnet (TbIG) for its higher critical temperature,
Tc = 266 K, while the spin density is reduced by a factor
of two [14].
As listed in Table II, there are nine combinations be-
tween σˆ1, σˆ2 and ~v, corresponding to different interac-
FIG. 1. Schematic of the experimental setup. Almost paral-
lel pump and probe beams in the zˆ axis are sent to a large
Rb vapor cell. An unpolarized or polarized test mass is lo-
cated next to the cell. The Rb electron spins in the cell and
spins of the test mass are represented by ~σ1 and ~σ2, respec-
tively. The test mass can move with a velocity ~v forward and
backward along the zˆ axis, move right and left along the xˆ
axis, or rotate clockwise and counterclockwise around the zˆ
axis (along the φ angle) according to the format of the exotic
spin-dependent interactions (Eq.1-11). There are nine cases
of the combination of σˆ1, σˆ2 and ~v as listed in Table II.
parameter value
cell radius 3 cm
cell window thickness 0.1 cm
gap between Rb gas and mass 1 cm
magnetic field sensitivity 10 fT/
√
Hz
test mass dimension 5× 5× 5 cm3
BGO density 7.13 g/cm3
BGO nucleon density 4.3× 1024 /cm3
DyIG spin density 4× 1020/cm3
modulation amplitude 0.5 cm
modulation frequency 10 Hz
rotation frequency 10 Hz
TABLE III. Experimental parameters used for the estima-
tion of the sensitivity of the proposed experiment to the spin-
dependent interactions.
tions. In order to estimate the experimental sensitiv-
ity we assume the experimental parameters listed in Ta-
ble III. The volume of the test mass is chosen to be
5 × 5 × 5 cm3 to match approximately the diameter of
the vapor cell. The realistic closest distance between the
Rb spins and the test mass is about 1 cm because of the
cell wall thickness and the required heat insulation. The
test mass can be held at different temperatures while the
SERF cell requires 150◦C. The test mass position can
be moved using a linear actuator with a modulation of
A sin(2pift), where A is set at 0.5 cm (the half of the max-
imum distance that the mass moves), f is the frequency
of the modulation, and t is the time. A modulation fre-
4quency of 10 Hz will be used to avoid the 1/f noise usu-
ally present in the SERF magnetometer signal. If the
modulation is along the zˆ axis, the maximum velocity of
31.4 cm/s is achieved when the mass is 1.5 cm away from
the Rb spins. This distance will determine the sensitivity
to the velocity-dependent interactions. If the modulation
direction is parallel to the xˆ axis, the mass can slide along
the minimum distance 1 cm, then the maximum velocity
will be when the center of the mass is near the axis of
the Rb cell. A frequency of 10 Hz and an amplitude of
0.5 cm can be chosen to have the maximum velocity of
31.4 cm/s. The mass can be also rotated around the zˆ
axis with a motor at a frequency of 10 Hz. In this case,
the minimum distance between the test mass and the Rb
spins is also determined by the cell wall thickness and the
heat insulation. In case of rotation, frequency can be in
principle increased if the 1/f noise is still significant.
In order to estimate the sensitivity of the proposed ex-
periments to the spin-dependent interactions, we applied
the Monte Carlo method to average the interaction po-
tentials given by Eq. 1-11 between the test mass (BGO
for unpolarized mass and DyIG for polarized mass) and
the Rb spins. First, random points were generated in
the volume of the test mass and the Rb cell. Then, the
interaction range was assumed to calculate the poten-
tial between two randomly generated points. Next, all
the contributions to the potential were summed and nor-
malized to give the average potential for the densities
of particles. Finally, the coupling strength for a typ-
ical magnetic field sensitivity (∼10 fT per second, the
demonstrated sensitivity of LANL pancake magnetome-
ter, which corresponds to the energy shift of 1.8× 10−18
eV for Rb atoms) was derived. Fig. 2 shows the sensi-
tivity to the interactions between unpolarized nucleons
in BGO and polarized Rb electrons: V4+5, V9+10 and
V12+13. It can be seen that for the V9+10 potential which
value was constrained by the experiments with torsion
pendulum [19, 21] the SERF magnetometer experiment
does not offer any improvement. However, the other two
interactions for polarized electrons have not been con-
strained by experiments, and therefore our proposed ex-
periments will be of great value. Fig. 3 shows the sensi-
tivity to interactions between two polarized electrons in
DyIG and the cell which are independent of the velocity,
V2, V3 and V11. The present experimental constraints
of these interactions for two polarized electrons were ob-
tained from torsion pendulum [16, 20, 21] and param-
agnetic salt [24] measurements. The estimation shows
that the SERF magnetometer has no advantage for V3
but can be sensitive to the new phase space of V2 and
V11. Fig. 4 shows the sensitivity to interactions between
two polarized electrons dependent on the velocity, V6+7,
V8, V14, V15 and V16. Because there are no experimental
constraints on these interactions between two polarized
electrons so far, this experiment could set new limits on
the coupling strength of these interactions. In principle,
the experimental sensitivity can be enhanced by repeat-
ing measurement; for N times measurement, the sensi-
tivity will be enhanced by 1/
√
N until systematic errors
become dominant.
In order to compare our estimated sensitivity with the
existing constraints on the axion, we rescaled the pre-
dicted coupling strength and the range of the axion for
the case of a spin-0 interaction in Ref. [11] to f3 and
f9+10 [14]. The 10 meV cutoff [52] is the limit from
SN1987a [53]. On other hand, the pseudoscalar coupling
of electrons is strongly constrained by the stellar cooling
for the axion [54]. Together with short-range gravity ex-
periments with unpolarized masses for the scalar coupling
of electrons, the more strong constraints for V4+5 and
V9+10 can be derived [55], shown in Fig. 2 and Fig. 3. The
dark photon [56], as a vector coupling boson, strongly
constrains the vector coupling of electrons. The limit
from the dark photon [56] can provide the constraints
for V15 shown in Fig. 4, which is only dominated by the
square of the vector coupling of electrons [14]. This rela-
tion can be derived by comparing the Eq. 4 of [56] and
Eq. 5.18 of [12].
Systematic errors could be induced from the magnetic
susceptibility of the test masses, which fluctuates with
temperature and the magnetic field drifts. One challenge
is precise control of temperature. The Rb cell needs to
be kept at ∼150◦C while the test mass at room tempera-
ture for BGO and low temperature for DyIG or TbIG at
226 K and 266 K, respectively. The temperature differ-
ence between the Rb cell and the test mass may change
the magnetic susceptibility and cause additional magne-
tization on the test mass. An alternative setup is to
put the Rb cell in a magnetic shield so that the cell will
not feel the magnetic effect of the test mass while the
test mass can be kept at the room temperature though a
recent study implies a possible interaction between the
magnetic shielding and exotic spin-dependent interac-
tions [57]; however, this setup will increase the distance
between the Rb spins and the test mass. Another chal-
lenge is to make the distance between the Rb cell and the
test mass as short as possible in order to maximize the
sensitivity to the spin-dependent interactions at smaller
interaction ranges, which is currently limited by the cell
wall thickness and the heat insulation.
Apart from controlling temperature and magnetic
field, one way to reduce the systematic error is to com-
pare the signals between the different states of the mod-
ulation. For the interactions which have only one term of
the velocity, the interaction-induced signal will be in op-
posite sign while the orientation of the velocity is flipped.
On the other hand, the systematic error due to the mag-
netic susceptibility and the magnetization of the test
mass will be the same for opposite velocity orientations.
Therefore, for V4+5, V6+7, V12+13, V14 and V15, the sig-
nal comparison between the states of the opposite veloc-
ity orientation could suppress the systematic error. The
method of the SERF magnetometer should be mostly
sensitive to these interactions. In case of the interactions
which are dependent on the vector along the direction
between two interacting particles, including V9+10, V11
5and V16, the sign of the interactions will change while
the test mass is put at the opposite ends of the Rb cell.
One possible way to module the interaction is to install
one test mass at one end of the Rb cell and another test
mass at the opposite end of the Rb cell. The residual
systematic error may be due to the magnetic field gradi-
ent across the Rb cell. For interactions which are only
dependent on two spins (or two velocities, two distance
vectors), including V2, V3 and V8, there is no proper way
to modulate the test mass and cancel out the systematic
error. The only way is to flip the spin orientation of the
Rb electrons or the polarized test mass. However, flip-
ping spin orientation could cause a large systematic error
because the magnetization is along the spin orientation
as well. Therefore, the method of the SERF magnetome-
ter will be less sensitive to these interactions, including
V2, V3 and V8, unless the temperature as well as the mag-
netic susceptibility can be well controlled.
The setup of the test mass described in this paper can
be also applied to other systems with different test masses
to test spin-dependent and velocity-dependent interac-
tions: for example, polarized atoms [26–29] for polarized
nucleons, paramagnetic insulator [42] for polarized elec-
trons.
In conclusion, we proposed SERF magnetometer-based
experimental methods to search for the exotic spin-
dependent interactions for polarized electrons. Our de-
tailed calculations of the projected experimental sensi-
tivity showed that the experiments are sensitive to the
interactions, especially at the interaction range of 10−2
to 10−4 m, most of which are not experimentally con-
strained. The possible experimental setups of the move-
ment direction and the spin orientation of the test mass
shown in Table II play a key role in probing the dif-
ferent spin-dependent interactions. We also described
challenges in improving experimental sensitivity at small
interaction ranges and reducing possible systematic er-
rors due to variation of the magnetic susceptibility of a
test mass. One way to suppress the systematic errors is
to module the interaction-induced signals by modulating
the test mass.
The authors thank H. Gao, J. Long and W. M. Snow
for useful discussions.
[1] I. Antoniadis, et al., Comptes Rendus Physique 12, 755
(2011)
[2] J. Jaeckel and A. Ringwald, Annu. Rev. Nucl. Part. Sci.
60, 405 (2010).
[3] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D81, 123530 (2010).
[4] Y. Nambu, Phys. Rev. 117: 648 (1960).
[5] J. Goldstone, Il Nuovo Cimento 19, 154 (1961).
[6] J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev. 127,
965 (1962).
[7] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).
[8] K. A. Olive, et al.. (Particle Data Group), Chin. Phys.
C, 38, 090001 (2014).
[9] E.W. Kolb and M. S. Turner, The Early Universe
(Addison-Wesley, Redwood, CA, 1990).
[10] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).
[11] J. E. Moody and F. Wilczek, Phys. Rev.D30, 130 (1984).
[12] B. A. Dobrescu and I. Mocioiu, J. High Energy Phys. 11,
005 (2006).
[13] F.A. Gomes Ferreira, P.C. Malta, L.P.R. Ospedal, J.A.
Helaye¨l-Neto, Eur. Phys. J. C 75:232 (2015).
[14] T. M. Leslie, E. Weisman, R. Khatiwada, and J. C. Long,
Phys. Rev. D89 114022 (2014).
[15] S. Mantry, M. Pitschmann, M. J. Ramsey-Musolf
Phys. Rev. D90, 054016 (2014).
[16] R. C. Ritter, L. I. Winkler, and G. T. Gillies,
Phys. Rev. Lett. 70, 701 (1993).
[17] G. D. Hammond, C. C. Speake, C. Trenkel, and
A. P. Pato´n, Phys. Rev. Lett. 98, 081101 (2007).
[18] B. R. Heckel, et al., Phys. Rev. D78, 092006 (2008).
[19] S. A. Hoedl, F. Fleischer, E. G. Adelberger, and B. R.
Heckel, Phys. Rev. Lett. 106, 041801 (2011).
[20] B. R. Heckel, W. A. Terrano, and E. G. Adelberger
Phys. Rev. Lett. 111, 151802 (2013).
[21] W. A. Terrano, E.G. Adelberger, J.G.Lee, B.R. Heckel
Phys. Rev. Lett. 115, 201801 (2015).
[22] T.C.P. Chui and W.-T. Ni, Phys. Rev. Lett. 71, 3247
(1993).
[23] W.-T. Ni, T.C.P. Chui, S.-S. Pan, B.-Y. Cheng, Physica
B: Condensed Matter 194-196, Part 1, 153 (1994).
[24] W.-T. Ni, S.-S. Pan, H.-C. Yeh, L.-S. Hou, and J. Wan,
Phys. Rev. Lett. 82, 2439 (1999).
[25] G. Vasilakis, J. M. Brown, T.W. Kornack, and M.V. Ro-
malis, Phys. Rev. Lett. 103, 261801 (2009).
[26] A. N. Youdin, D. Krause, Jr., K. Jagannathan, L. R.
Hunter, and S. K. Lamoreaux, Phys. Rev. Lett. 77, 2170
(1996).
[27] P.-H. Chu, et al., Phys. Rev. D87, 011105 (2013).
[28] M. Bulatowicz, et al., Phys. Rev. Lett. 111, 102001
(2013).
[29] K. Tullney, et al., Phys. Rev. Lett. 111, 100801 (2013).
[30] S. Kotler, R. Ozeri, and D. F. Jackson Kimball,
Phys. Rev. Lett. 115, 081801 (2015).
[31] S. Baeßler, V.V. Nesvizhevsky, K.V. Protasov , and
A.Yu. Voronin , Phys. Rev. D75, 075006 (2007).
[32] T. Jenke, et al., Phys. Rev. Lett. 112, 151105 (2014).
[33] A. P. Serebrov, Phys. Lett. B 680, 423 (2009).
[34] Yu. N. Pokotilovski, Phys. Lett. B 686, 114 (2010).
[35] A. K. Petukhov, G. Pignol, D. Jullien, and K. H. Ander-
sen, Phys. Rev. Lett. 105, 170401 (2010). 170401,2010
[36] C. B. Fu, T. R. Gentile, and W. M. Snow, Phys. Rev.
D83, 031504(R) (2011).; A. K. Petukhov, G. Pignol, and
R. Golub, Phys. Rev. D84, 058501 (2011).
[37] L. R. Hunter and D. G. Ang, Phys. Rev. Lett. 112, 091803
(2014).
[38] D. F. Jackson Kimball, A. Boyd, and D. Budker, Phys.
Rev. A 82, 062714 (2010).
[39] F. M. Piegsa and G. Pignol, Phys. Rev. Lett. 108, 181801
6(2012).
[40] H. Yan and W. M. Snow, Phys. Rev. Lett. 110 082003
(2013).
[41] H. Yan, G. A. Sun, S. M. Peng, Y. Zhang, C. Fu, H. Guo,
and B. Q. Liu, Phys. Rev. Lett. 115, 182001 (2015).
[42] P.-H. Chu, E. Weisman, C.-Y. Liu, and J. C. Long,
Phys. Rev. D91 102006 (2015).
[43] W. Happer and H. Tang, Phys. Rev. Lett. 31, 273 (1973).
[44] J. C. Allred, R. N. Lyman, T. W. Kornack, and M. V.
Romalis, Phys. Rev. Lett. 89, 130801 (2002).
[45] I. K. Kominis, T. W. Kornack, J. C. Allred and M. V.
Romalis, Nature 422, 596 (2003).
[46] D. Sheng, S. Li, N. Dural, and M. V. Romalis,
Phys. Rev. Lett. 110, 160802 (2013).
[47] M. Smiciklas, J. M. Brown, L. W. Cheuk, S. J. Smullin,
and M. V. Romalis, Phys. Rev. Lett. 107, 171604 (2011).
[48] H. Xia, A. Ben-Amar Baranga, D. Hoffman and M. V.
Romalis, Appl. Phys. Lett. 89, 211104 (2006).
[49] P. W. Graham, S. Rajendran, Phys. Rev. D88, 035023
(2013).
[50] T. Karaulanov, I. Savukov and Y. J. Kim, Measurement
Science and Technology 27, 055002 (2016).
[51] S. J. Seltzer and M. V. Romalis, Applied Physics Letters
85, 4804 (2004).
[52] L. J. Rosenberg and K. A. van Bibber, Phys. Rep. 325,
1 (2000).
[53] J. Engel, D. Seckel, and A. C. Hayes Phys. Rev. Lett. 65,
960 (1990).
[54] G. Raffelt and A. Weiss, Phys. Rev. D51, 1495 (1995).
[55] G.G. Raffelt, Phys. Rev. D86, 015001 (2012).
[56] R. Essig, et al., arXiv:1311.0029.
[57] D. F. Jackson Kimball, J. Dudley, Y. Li, S. Thulasi, S.
Pustelny, D. Budker, M. Zolotorev, arXiv:1606.00696.
7)
4+
5
Lo
g(f
40−
35−
30−
25−
20−
15−
10−
5−
0
m(eV)
6−105−104−103−102−101−10
case 3
case 2
stellar cooling
)
9+
10
Lo
g(f
34−
32−
30−
28−
26−
24−
22−
20−
18−
16−
Axion
case 1
Terrano, PRL115,201801
Ni,PRL82 2439
Hodel, PRL106,041801
Hammond, PRL98,081101
stellar cooling
(m)λ
6−10 5−10 4−10 3−10 2−10 1−10
)
12
+1
3
Lo
g(f
30−
25−
20−
15−
10−
case 1
FIG. 2. The constraints of the coupling strength to the in-
teractions, from top to bottom, V4+5, V9+10, V12+13 [12], as a
function of the interaction range (bottom axes) and the ALP
mass (top axes). The dashed curves are the estimated sensi-
tivity of the proposed experiment to the interactions between
the polarized Rb electrons and the unpolarized BGO [29] test
mass for one second measurement period. The solid curves are
current limits. The axion coupling strength and range [11, 14]
is shown in V9+10. The constraints from the stellar cooling for
the axion together with short-range gravity experiments with
unpolarized masses are also shown in V4+5 and V9+10 [55].
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